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Figure 3-4. Temporal Profile of Blood Carboxyhemoglobin (%) for Hypothetical
Continuous Exposures to Air Carbon Monoxide at Concentrations of 25, 200,
or 1,000 ppm
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endogenous production of carbon monoxide (Coburn et al. 1963; Delivoria-Papadopoulos et al. 1974;
Longo 1977). Levels of COHb can (rarely) achieve 10% immediately following cigarette smoking (Kao
and Narfiagas 2006; Landaw 1973).

Although bound extensively to Hb in blood, distribution of dissolved carbon monoxide out of the
vasculature can occur in response to diffusion gradients for carbon monoxide created by binding of
carbon monoxide to Hb, myoglobin, and other heme proteins in extravascular tissues (e.g., muscle,
spleen), as well as removal of carbon monoxide from extravascular tissues by oxidative metabolism
(Bruce and Bruce 2006; Bruce et al. 2008; Luomanméki and Coburn 1969). Myoglobin, the dominant
binding protein for carbon monoxide in cardiac and skeletal muscle, has a lower affinity for carbon
monoxide than Hb (COMD equilibrium constant of ~20 uM™' and Haldane constant of approximately 23)
and a single binding site for carbon monoxide (Gibson et al. 1986); however, its abundance in muscle can
result in transfer of substantial amounts of inhaled carbon monoxide into muscle tissue. At a skeletal
muscle myoglobin concentration of 4.7 g/kg muscle (approximately 0.26 mmole/kg; Moller and Sylven
1981), the molar concentration ratio of COMb would be approximately 7.4x10’ times greater than the
molar concentration of dissolved carbon monoxide. Binding of carbon monoxide to Hb in blood and
myoglobin in muscle decreases the concentrations of dissolved carbon monoxide in both tissues and
limits the concentration gradient for diffusion of carbon monoxide into muscle (Bruce and Bruce 2006;
Bruce et al. 2008). Exercise can increase the rate of transfer of carbon monoxide from blood to skeletal
muscle (Richardson et al. 2002; Werner and Lindahl 1980). The effect of exercise is thought to be
related, in part, to increased O, consumption and lower pO, in muscle, which favors binding of carbon
monoxide to myoglobin, and increased muscle blood flow. These effects a more pronounced at low
COHD concentrations (<2%) than at higher concentrations (20% COHb; Richardson et al. 2002).
Hypoxia appears to increase transfer of carbon monoxide from blood to muscle (Coburn and Mayers

1971; Richardson et al. 2002).

Binding of carbon monoxide to intracellular proteins, in particular, heme proteins, contributes to
maintaining a favorable gradient for carbon monoxide diffusion from plasma into cells. Measurements of
total carbon monoxide concentrations in tissues obtained from human autopsies showed the highest
concentrations in blood, spleen, lung, kidney, and skeletal muscle, with detectable levels also in brain and
adipose tissue (Table 3-11, Vreman et al. 2006). Higher concentrations of carbon monoxide in blood,
heart, skeletal muscle, and spleen observed in human autopsy studies reflect the abundance of the major
carbon monoxide binding proteins in these tissue, Hb in erythrocytes and spleen (site of destruction and

storage of erythrocytes), and myoglobin in cardiac and skeletal muscle. If the values presented in
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Table 3-11. Post-Mortem Tissue Distribution of Carbon Monoxide in Humans?®

Exposure Adipose Brain  Muscle Heart Kidney Lung Spleen Blood
Concentration (pmol/100 g)
Background 2 3 15 31 23 57 79 165
Fire 5 7 24 54 27 131 95 286
Fire + carbon 18 17 168 128 721 1,097 2,290 3,623
monoxide
Carbon monoxide 25 72 265 527 885 2,694 3,455 5,196

asphyxiation
Tissue/blood carbon monoxide concentration ratio

Background 0.012 0.018 0.091 0.188 0.139 0.345 0.479 1.000
Fire 0.017 0.024  0.084 0.189 0.094 0.458 0.332 1.000
Fire + carbon 0.005 0.005  0.046 0.035 0.199 0.303 0.632 1.000
monoxide
Carbon monoxide 0.005 0.014 0.051 0.101 0.170 0.518 0.665 1.000
asphyxiation
Body weight (kg) 70 70 70 70 70 70 70 70
Tissue mass 200 2.0 40.0 0.5 0.4 14 0.3 7.4
(percent)

Tissue carbon monoxide burden (nmol)
Background 0.28 0.04 4.20 0.10 0.07 0.57 0.14 8.55
Fire 0.70 0.10 6.72 0.18 0.08 1.31 0.17 14.81
Fire + carbon 2.52 0.24 47.04 0.42 2.22 10.97 412 187.67
monoxide
Carbon monoxide 3.50 1.01 74.20 1.73 2.73 26.95 6.22  269.15

asphyxiation
Tissue carbon monoxide burden (percent of total)

Background 2.0 0.3 30.1 0.7 0.5 4.1 1.0 61.3
Fire 2.9 0.4 27.9 0.7 0.3 5.4 0.7 61.5
Fire + carbon 1.0 0.1 18.4 0.2 0.9 4.3 1.6 73.5
monoxide

Carbon monoxide 0.9 0.3 19.2 0.4 0.7 7.0 1.6 69.8

asphyxiation

4carbon monoxide concentrations based on Vreman et al. (2006). Tissue masses based on Davies and Morris
(1993) and ILSI (1994).
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Table 3-11 are converted to tissue carbon monoxide mass (pmol), based on assumed tissue masses for a
70-kg adult (Davies and Morris 1993; ILSI 1994), carbon monoxide in blood and muscle accounted for
approximately 60—70 and 20-30% of total body carbon monoxide burden, respectively. Relatively large
contributions of blood and skeletal muscle to total body carbon monoxide content is consistent with the
contributions that these tissues make to total body Hb and muscle myoglobin (Bruce and Bruce 2003). In
a typical adult, blood contains approximately 12 mmoles of Hb with a total binding capacity of
approximately 48 mmole carbon monoxide when completely saturated and muscle contains
approximately 8 mmoles of myoglobin with a total binding capacity of 8§ mmole carbon monoxide when

completely saturated.

The distribution of carbon monoxide residues observed in human autopsy studies is similar to that
observed in rodents. In mice and rats that had not been intentionally exposed to air carbon monoxide (i.e.,
sacrificed during steady-state conditions), blood and muscle accounted for most the total body carbon
monoxide burden (Vreman et al. 2005). Following 30-minute exposures to carbon monoxide

(5,000 ppm), blood made a much larger contribution (approximately 90%) to carbon monoxide body
burden, reflecting the longer period needed for carbon monoxide to distribute from blood to extravascular

tissues (Vreman et al. 2005).

Carbon monoxide in the maternal system distributes to fetal tissues. Measurements of steady-state COHb
concentrations in fetal and maternal blood of nonsmoking women have found fetal COHb concentrations
to be approximately 10—15% higher than maternal blood (fetal/maternal ratio=1.1-1.15; Longo 1977).
Carbon monoxide binding to fetal Hb is analogously similar to maternal Hb. Both Hbs have the same
binding capacity of 4 moles CO/mole Hb and both exhibit cooperative binding of carbon monoxide,
whereby binding affinity increases as carbon monoxide molecules are successively added to Hb (see
Section 3.4.3, Metabolism). However, the binding affinity of fetal Hb is approximately twice that of
maternal Hb (Di Cera et al. 1989). The Haldane coefficient, reflecting the relative affinities of carbon
monoxide and O, (CO/O,) for fetal Hb, appears to be approximately 20% lower than adult Hb (Di Cera et
al. 1989; Engel et al. 1969; Hill et al. 1977). The higher binding affinity of fetal Hb as well as the
relatively small diffusion gradients for carbon monoxide between maternal and fetal blood contribute to
slower kinetics of COHb in fetal blood compared to maternal blood. This has been experimentally
verified in studies conducted in pregnant sheep (Longo and Hill 1977). The half-time for approach to
steady-state in the human fetus has been predicted (from modeling) to be approximately 7.5 hours in the
fetus, compared to approximately 4 hours in maternal blood (Hill et al. 1977). As a result, with

continuous exposure to a constant level of carbon monoxide in air, fetal blood COHb concentration would
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be expected to lag behind maternal levels and reach a steady-state that is approximately 10—15% higher
than maternal (Longo 1977). Similarly, following cessation of exposure, elimination kinetics of carbon

monoxide from fetal blood would be expected to lag behind that of maternal blood (Hill et al. 1977).

3.4.3 Metabolism

Metabolism of carbon monoxide consists of three major processes: (1) metabolic production of carbon
monoxide from endogenous and exogenous precursors; (2) binding of carbon monoxide to heme proteins

(e.g., Hb, myoglobin, cytochromes); and (3) oxidative metabolism of carbon monoxide to CO..

Metabolic Production of Carbon Monoxide. Carbon monoxide is produced from the enzymatic
degradation of endogenous and exogenous precursors. The major endogenous source of carbon monoxide
production is the oxidative metabolism of heme by the enzyme heme oxygenase (HO). The net rate of
endogenous production of carbon monoxide (i.e., total production minus metabolism) has been estimated
in healthy adults to be approximately 0.42 mL CO/hour (16.4 pmole/hour) or approximately

400 pmole/day (Coburn et al. 1963). Of this, approximately 75-80% is thought to be derived from Hb
metabolism, and the remaining portion from metabolism of other heme proteins, such as myoglobin,
cytochromes, peroxidases, and catalase (Berk et al. 1976). Endogenous carbon monoxide production
contributes to a blood COHb concentration of approximately 0.4-0.7% (Benignus 1995; Coburn et al.
1965). Carbon monoxide is produced in all tissues that express HO; however, the major tissues
contributing to carbon monoxide production are also major sites of heme metabolism, including liver,

spleen, and reticuloendothelial system (Berk et al. 1974).

Numerous physiological and disease factors affect the rate of endogenous production of carbon
monoxide. Carbon monoxide production increases by approximately 2-fold during the post-ovulatory
(progesterone) phase of the menstrual cycle (Delivoria-Papadopoulos et al. 1974; Mercke and Lundh
1976). Carbon monoxide production also increases during pregnancy, reaching values that are 2—5 times
that of the estrogen phase of the menstrual cycle at partum and returning to pre-pregnancy levels within
4 days following delivery (Longo 1977). Contributing factors to the increase in carbon monoxide
production during pregnancy include the contribution of the growing fetus to carbon monoxide
production, as well as the increase in maternal erythrocyte production and related changes in Hb
metabolism (Longo 1977). The rate of production of carbon monoxide is accelerated in conditions that
increase catabolism of Hb or other heme proteins, including hemolysis, hematomas, hemolytic anemias,

thalassemia, and Gilbert’s syndrome (Berk et al. 1974; Coburn et al. 1964, 1965; Hampson 2007; Meyer
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et al. 1998; Solanki et al. 1988). Carbon monoxide production was estimated to be 2—3 times higher in

patients with hemolytic anemia compared with healthy individuals (Coburn et al. 1965).

HO is the rate-limiting step in heme degradation, and its expression and activity are modulated by
numerous factors. The HO-1 isozyme (one of three isozymes) and expression of the enzyme is induced
by heme and heme derivatives, oxidative stress, hypoxia (including altitude-induced hypoxia), various
metals, various cytokines, and exogenous carbon monoxide (Wu and Wang 2005). These factors would

tend to promote endogenous carbon monoxide production.

In addition to endogenous carbon monoxide production from metabolism of heme, carbon monoxide is
produced from oxidative metabolism of certain exogenous hydrocarbons, including dichloromethane
(DCM) and other dihalomethanes, and carbon tetrachloride (Agency for Toxic Substances and Disease
Registry 2000, 2005; Stevens et al. 1980). The oxidative metabolism of DCM by isoform CYP2E1 of
cytochrome P450 results in the production of carbon monoxide and increased blood COHb concentrations
in blood (Andersen et al. 1991). Elevated blood COHb levels have been observed following DCM
poisoning (Leikin et al. 1990). Other sources of exogenous carbon monoxide production include the
heme oxidase catalysis of products of auto-oxidation of phenols, photo-oxidation of organic compounds,

and lipid peroxidation of cell membrane lipids (Rodgers et al. 1994).

Binding of Carbon Monoxide to Heme Proteins. Carbon monoxide binds to heme and competes for
binding of O,. Binding of carbon monoxide to heme proteins (e.g., blood Hb, muscle myoglobin) has
profound effects on the kinetics of distribution and elimination kinetics of both carbon monoxide and O..
Affinities of heme for carbon monoxide for Hb and myoglobin are sufficiently high to result in
concentrations of dissolved carbon monoxide being 10°~10° times lower than the concentrations of COHb
or COMb. This substantially lowers the concentration of dissolved carbon monoxide in blood and tissues,
decreases the diffusion gradients for carbon monoxide movement of carbon monoxide from tissues and
blood to the lungs, and substantially prolongs the elimination time for carbon monoxide than would
otherwise occur in the absence of binding. Furthermore, the rates of dissociation of carbon monoxide
from Hb and myoglobin are substantially slower than that of O, and sufficiently slow, relative to
erythrocyte capillary transit times, to limit rates of exchange of carbon monoxide between tissues and
capillary blood. Binding of carbon monoxide to Hb also increases the affinity of Hb for O,, decreasing

the availability of O, to tissues.
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Although carbon monoxide binds to many different heme proteins (see Section 3.5.2), the affinities and
abundance of Hb and myoglobin in the body results in most of the body stores of carbon monoxide being
associated with these two heme proteins. Estimated kinetics and equilibrium parameters for carbon
monoxide and O, binding to Hb and myoglobin are presented in Table 3-12. Each of the four heme
moieties in Hb can bind O, or carbon monoxide. The overall affinity (i.e., equilibrium constant, K.) is
substantially higher for carbon monoxide (=750 uM™") compared to that of O, (%3.2 uM™). As a result, at
similar partial pressures of the two gases (pCO=P0,), binding of carbon monoxide will occur at the
expense of binding of O,, and the O, carrying capacity of blood will be compromised. The ratio of the
K4 values (CO/O,) is referred to as the Haldane constant (=234). This value gives the partial pressure
ratio (pO,/pCO) needed to achieve equal amounts of bound COHb and O,Hb (i.e., %COHb = %0,Hb).

At an ambient air pO, of approximately 160 Torr (21% O,), the equilibrium condition of equal %COHb =
%O,Hb would be achieved at a carbon monoxide exposure concentration of approximately 900 ppm. The
affinity of Hb for carbon monoxide results in an equilibrium condition in which nearly all carbon
monoxide in blood is bound to Hb. For example, based on the value of K., of 750 uM™, at a blood Hb
concentration of 150 g/L (=2.3 mM), the equilibrium ratio of bound carbon monoxide to dissolved carbon
monoxide in blood would be approximately 1.7x10° (i.e., > 10° times as much carbon monoxide is bound
to Hb than is circulating in blood as dissolved carbon monoxide). The carbon monoxide dissociation rate
from Hb (ks~0.008 s t,,~87 s) is slower than from O, (k.~20 s, t,,~0.035 s). As a result, exchange of
O, bound to Hb in blood with alveolar air and tissues is much more efficient than carbon monoxide
exchange (i.e., fast vs. slow dissociation relative to erythrocyte transit times in capillaries). These two
characteristics (high affinity and slow dissociation) contribute to relatively long retention times of carbon

monoxide in blood following exposures to carbon monoxide.

Binding of O, to the four heme moieties of Hb is cooperative (Alcantara et al. 2007; Roughton 1970).
The associative reaction rate (k,) becomes faster with successive additions of O,, increasing the affinity
(K¢q) of Hb for O, (values for k, shown in Table 3-12 are for the high affinity, R, state of fully loaded
Hb). Cooperative binding of O, to Hb serves an important physiological function. Under conditions of
relatively high pO, in arterial blood entering the lung (pO,=100 mmHg), cooperative binding promotes
the loading of Hb with O,; with successive binding of O, molecules, the associative rate and affinity
increases, promoting binding of a subsequent molecule of O,. Conversely, at lower pO, in venous blood
(pO,=20 mmHg), cooperative binding promotes unloading of O, for utilization; dissociation of a

molecule of O, decreases the affinity of Hb for O,, promoting the dissociation of a subsequent molecule
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Table 3-12. Hemoglobin and Myoglobin Binding Kinetics and Equilibrium
Constants for Oxygen and Carbon Monoxide

Ka Kg Keq

Ligand (uMts™h (sh (UM M
Hemoglobin®

Oxygen 66 20 3.2 1

Carbon monoxide 6 0.008 750 234
Myoglobinb

Oxygen 14 12 1.2 1

Carbon monoxide 0.51 0.019 26.8 23

®Based on Chakraborty et al. 2004
®Based on Gibson et al. 1986

ka = association rate constant; k, = dissociation rate constant; Kegq = equilibrium constant; M = Haldane constant
(KEq CO/KEq 02)
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of O,. Cooperative binding contributes to the sigmoid shape of the O, dissociation curve for Hb

(Figure 3-5).

Binding of carbon monoxide to Hb is also cooperative. Binding of carbon monoxide increases the
associative rate of binding and affinity of both carbon monoxide and O,. As a result, the presence of
carbon monoxide has several effects on the dissociation curve for O, (Figure 3-5): (1) decreases the
partial pressure of O, in blood and tissues (i.e., by an amount equal to pCO), shifting the pO, axis
downscale at each point in the arterial-venous circuit; (2) displaces O, from Hb, decreasing the maximum
%COHb achieved in arterial blood; and (3) shifts the O, dissociation curve downscale so that less O,
dissociates O, from Hb (more will remain bound, %0O,Hb will be higher) at the lower pO, values in
venous blood. The combined result of these changes is that less O, in blood is available for utilization in

tissues.

The binding affinities of carbon monoxide and O, to myoglobin are lower than that for Hb; however, the
higher affinity for carbon monoxide (Haldane constant ~23), results in preferential binding of carbon
monoxide over O, and displacement of O, of myoglobin at similar partial pressures of both gasses
(Table 3-12). In addition to displacing O, from myoglobin, binding of carbon monoxide to myoglobin
has a pronounced effect on the distribution of carbon monoxide in the body by limiting the dissolved
carbon monoxide concentration in muscle and, thereby, the rates of diffusion of carbon monoxide from
muscle to blood. The affinity of myoglobin (K.s~27) results in an equilibrium condition in which
dissolved carbon monoxide concentrations in muscle are very low relative to COMD concentrations. For
example, based on a value for K., of 27 uM™, at a muscle myoglobin content of approximately 4.7 g/kg
(=0.28 mM), the equilibrium ratio of bound carbon monoxide to dissolved carbon monoxide in muscle
would be approximately 7.4x10° (approximately 10* times as much carbon monoxide is bound to
myoglobin than is dissolved muscle tissue). Furthermore, the carbon monoxide dissociation rate from
myoglobin (kg~0.019 s 1,736 s) is slower than O, (k.~12 s, 1,,20.06 s). As aresult exchange of
carbon monoxide bound to myoglobin in muscle with blood is much less efficient than O, exchange (i.e.,
slow vs. fast dissociation relative to erythrocyte transit times in capillaries). These two characteristics
(high affinity and slow dissociation) contribute to relatively long retention times of carbon monoxide in

muscle following exposures to carbon monoxide.

Oxidative Metabolism of Carbon Monoxide. Carbon monoxide can be oxidized to CO,. The rate of
oxidation has been estimated in human subjects who inhaled "*CO to be approximately 0.015 mL

CO/hour, which corresponds to approximately 0.6 pmol/hour; 14 pmol/day, and approximately 3% of
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Figure 3-5. Oxyhemoglobin Dissociation Curve for Normal Human Blood
Containing 50% Carboxyhemoglobin and for Blood of an Anemic Human
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endogenous carbon monoxide production (Luomanmaki and Coburn 1969). Similar measurements made
in dogs yielded estimates for carbon monoxide metabolism that were approximately 8% of endogenous
production (Luomanmaki and Coburn 1969). The major pathway for metabolism of carbon monoxide to

CO; is oxidation by mitochondrial cytochrome oxidase (Fenn 1970; Young and Caughey 1986).

3.4.4 Elimination and Excretion

Absorbed carbon monoxide is eliminated from the body by exhalation and oxidative metabolism.
Oxidative metabolism of carbon monoxide has been estimated to be a relatively small fraction (<10%) of
endogenous carbon monoxide production (Luomanmaki and Coburn 1969). Under most conditions, the
dominant route of elimination of absorbed carbon monoxide is exhalation. Rates of elimination of carbon
monoxide in humans who have experienced inhalation exposures to carbon monoxide have been
estimated from kinetic analyses of the time course of blood %COHb (Bruce and Bruce 2006; Joumard et
al. 1991; Landaw 1973; Levasseur et al. 1996; Peterson and Stewart 1970; Shimazu et al. 2000; Weaver et
al. 2000). The decline in blood %COHD following cessation of an inhalation exposure to carbon
monoxide exhibits at least two kinetic phases (Bruce and Bruce 2006; Shimazu et al. 2000). The fast
phase is thought to reflect a combination of exhalation of carbon monoxide along with slower distribution
of blood carbon monoxide to tissues that continues after cessation of exposure (Bruce and Bruce 2006).
The elimination half-times for both phases appear to increase with exposure intensity and/or duration; a
contributing factor to this effect may be the amount of carbon monoxide accumulated in extravascular
stores. In human subjects exposed to 2% carbon monoxide for 1-3 minutes (peak COHb%=30-40),
values for elimination half-lives were 5.7+1.5 and 1034+20.5 minutes for the fast and slow phases,
respectively (Shimazu et al. 2000). The fast phase rate increased when subjects were exposed to 500 ppm
for 5-10 hours (peak %COHb=34-37): 21.5£2.1 and 118+11.2 minutes, respectively (Shimazu et al.
2000). Rates have been reported for the slow phase of elimination. In subjects whose peak %COHDb
ranged from 2 to 15, the half-life was 320 minutes (range: 128—409 minutes, Peterson and Stewart 1970).
Bruce and Bruce (2006) measured the time to achieve one-half of peak %COHb in subjects whose peak
%COHD values ranged from 15 to 20 and estimated a half-life of 248 minutes (range: 206—328). Clinical
studies conducted on healthy individuals exposed to ambient air carbon monoxide concentrations have
found that elimination half-time increases with age, with the most pronounced increase occurring from
age 2 to 20 years, and is approximately 6% longer in males compared to females (Joumard et al. 1991).
The gender effect may be related to relative differences in body size and/or muscle mass. Exercise

decreases carbon monoxide elimination half-time (Joumard et al. 1991).
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The rate of elimination of absorbed carbon monoxide is accelerated by inhaling high concentrations of O,
(Landaw 1973; Peterson and Stewart 1970; Weaver et al. 2000). Elimination half-lives of approximately
20 minutes have been observed in subjects who inhaled 100% O, following cessation of exposure to
carbon monoxide. An analysis of elimination rates observed in 93 acute carbon monoxide poisoning
patients who were treated with 100% O, did not find significant associations between elimination half-
lives and age, gender (<40 years, >40 years), smoke inhalation, history of loss of consciousness,
concurrent tobacco smoking, degree of initial metabolic acidosis (base excess), or initial %COHb level

(Weaver et al. 2000).

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and
disposition of chemical substances to quantitatively describe the relationships among critical biological
processes (Krishnan et al. 1994). PBPK models are also called biologically based tissue dosimetry
models. PBPK models are increasingly used in risk assessments, primarily to predict the concentration of
potentially toxic moieties of a chemical that will be delivered to any given target tissue following various
combinations of route, dose level, and test species (Clewell and Andersen 1985). Physiologically based
pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to

quantitatively describe the relationship between target tissue dose and toxic end points.

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to
delineate and characterize the relationships between: (1) the external/exposure concentration and target
tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and
Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can
be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from
route to route, between species, and between subpopulations within a species. The biological basis of
PBPK models results in more meaningful extrapolations than those generated with the more conventional

use of uncertainty factors.

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model
representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and
Andersen 1994). In the early 1990s, validated PBPK models were developed for a number of
toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen

1994; Leung 1993). PBPK models for a particular substance require estimates of the chemical substance-
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specific physicochemical parameters, and species-specific physiological and biological parameters. The
numerical estimates of these model parameters are incorporated within a set of differential and algebraic
equations that describe the pharmacokinetic processes. Solving these differential and algebraic equations
provides the predictions of tissue dose. Computers then provide process simulations based on these

solutions.

The structure and mathematical expressions used in PBPK models significantly simplify the true
complexities of biological systems. If the uptake and disposition of the chemical substance(s) are
adequately described, however, this simplification is desirable because data are often unavailable for
many biological processes. A simplified scheme reduces the magnitude of cumulative uncertainty. The
adequacy of the model is, therefore, of great importance, and model validation is essential to the use of

PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the
maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).
PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in
humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste
sites) based on the results of studies where doses were higher or were administered in different species.

Figure 3-6 shows a conceptualized representation of a PBPK model.

If PBPK models for carbon monoxide exist, the overall results and individual models are discussed in this
section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species

extrapolations.

The first physiologically-based mechanistic model of carbon monoxide kinetics was reported in Coburn et
al. (1965). This model, which subsequently became known as the Coburn-Forster-Kane (CFK) model,
was developed to predict relationships between inhalation exposures to carbon monoxide and blood
COHD levels in humans. Numerous modifications and extensions of the original CFK model have been
reported that more rigorously address nonlinearities resulting from interdependence of COHb and O,Hb
levels in blood (Tikuisis et al. 1987b), simulation of arterial and venous blood compartments (Smith et al.
1994), simulation of maternal-fetal transfer of carbon monoxide (Hill et al. 1977), extrapolation to
nonhuman species (Benignus and Annau 1994; Hill et al. 1977; Longo and Hill 1977), linkage of the CFK
model to more complex respiratory gas exchange models (Abram et al. 2007; Benignus 1995), and use in

simulating the elimination kinetics of carbon monoxide produced from exogenous precursors (Andersen
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Figure 3-6. Conceptual Representation of a Physiologically Based
Pharmacokinetic (PBPK) Model for a
Hypothetical Chemical Substance
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Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a
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hypothetical chemical substance. The chemical substance is shown to be absorbed via the skin, by inhalation, or by

ingestion, metabolized in the liver, and excreted in the urine or by exhalation.

Source: adapted from Krishnan and Andersen 1994
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etal. 1991). A multi-compartment model was also developed that simulates carbon monoxide absorption

and distribution kinetics in muscle (Bruce and Bruce 2003; Bruce et al. 2008).
Coburn-Forster-Kane Model

The CFK model, as originally described in Coburn et al. (1965), is a single-compartment model of
instantaneous equilibrium between carbon monoxide, O,, and blood Hb, and assumes that blood O,Hb
concentration is constant (i.e., independent of COHb concentration). This linear form of the CFK model
is expressed in the following differential equation which is integrated over time to solve for COHb

concentration (Equation 1):

d[COHD|; [COHD|¢—1-P:0, 1 P;CO
y, Al . + | ——
Eq. (1)

D, CO 'V, D, CO 'V,

where t represents time at the end of the integration time step and t-1 represents the time at the beginning
of the time step; Vy, is blood volume in mL; [COHDb] is the COHb concentration in mL carbon monoxide
per mL blood (STPD); Vo is the endogenous carbon monoxide production rate in mL/minute (STPD);
[O,HDb] is the oxyhemoglobin concentration in mL O, per mL blood (STPD); P.O; is the average partial
pressure of O, in lung capillaries in Torr; M is the Haldane constant; V, is the alveolar ventilation in
mL/minute (STPD); D, CO is the lung diffusing capacity of carbon monoxide in mL/minute-Torr (STPD);

and P,CO is the carbon monoxide partial pressure in inhaled air in Torr.

The linear form of the CFK model is acceptable for simulating low COHb concentrations (<6%; Smith
1990). However, at higher COHb levels, appreciable errors are introduced into the simulation by ignoring
the interdependence of COHb and O,Hb levels that result from limited binding capacity of Hb. This
interdependence can be introduced into the CFK model by replacing the constant term for [O,Hb] with

the following expression relating COHb and O,Hb (Tikuisis et al. 1987b; Equation 2):

[0:Hb] = 1.38- Hb — [COHB] g, ()

where 1.38-Hb represents the maximum binding capacity of Hb for O, or carbon monoxide in mL O,/mL

blood (STPD). The resulting nonlinear form of the CFK model is expressed in Equations 3 and 4:



CARBON MONOXIDE 159

3. HEALTH EFFECTS

d[COHb], V, COHb),_, - P.O
[d ]c=150+v ;.')"(P"CO_[[OHz]:.t]1 ;sz)
t b b 2 t—1 Eq. (3)
p= D,CO Vs

Eq. (4)

where Pg is the barometric pressure (Torr) and the value 47 represents the partial pressure of water in
water saturated air (Torr). Typical parameters values used in the CFK model are presented in Table 3-13.
Parameter values for application of the nonlinear CFK model for predicting COHD levels in rats were

reported by Benignus and Annau (1994) and are also shown in Table 3-13.

Validation of the model. Numerous studies have examined the accuracy of exposure-blood COHb
relationships predicted from the CFK model (Benignus et al. 1994; Coburn et al. 1965; Hauck and
Neuberger 1984; Joumard et al. 1991; Peterson and Stewart 1970, 1975; Stewart et al. 1970, 1973;
Tikuisis et al. 1987a, 1987b). In general, the model performs well for predicting near equilibrium
conditions; however, it performs less well in predicting the early uptake phase of carbon monoxide
kinetics and COHD levels associated with rapidly changing exposures (Benignus et al. 1994; Tikuisis et
al. 1987a, 1987b). The model also underestimates the arterial blood COHb level and overestimates the
venous blood COHb level, an expected outcome of the simplistic assumption of a single well-mixed
blood compartment. Nevertheless, the model predicts quasi-steady-state blood COHb levels that agree
closely with observations (Benignus et al. 1994; Bruce and Bruce 2003; Tikuisis et al. 1987a, 1987b).

McCartney (1990) reported a sensitivity analysis of the CFK model and found that parameter value
sensitivities varied considerably in magnitude at different points in the exposure simulation (Figure 3-7).
At steady-state, the model is most sensitive to the values assigned to the parameters representing the input
value, the inhaled carbon monoxide concentration (P,CO), as well as the total Hb level (Hb) and the
Haldane coefficient (M). Increases in values for any of these parameters result in higher predicted COHb
levels. However, during the accumulation phase of the simulation, the predicted COHb level is also
highly sensitive to alveolar ventilation rate (V) and the lung carbon monoxide diffusing capacity (D _CO),
with increases in these parameters resulting in higher COHb levels, and to the value assigned to the blood

volume (V,,), with increases in the parameter value resulting in lower predicted COHb levels.
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Table 3-13. Parameter Values for the Coburn-Forster-Kane (CFK) Model
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Value
Parameter Definition Unit Human? Rat”
BW Body weight kg 70 0.250
COHb, Blood COHDb level at start of mL CO/mL blood 0.00155 0.00155
simulation (STPD)
D.CO Lung CO diffusing capacity mL CO/minute-Torr 30 0.027-0.563-BW
(STPD)
Hb Blood Hb concentration g/mL 0.144 0.158
M Haldane coefficient unitless 218 207
O,HbMAX  Maximum blood O,Hb mL O,/mL blood 1.38 1.38
concentration (STPD)
PcO; Average partial pressure of O, in  Torr (STPD) 49 49
alveolar air
P.CO Partial pressure of inhaled CO Torr (STPD) Input Input
Va Alveolar ventilation rate L/hour® (15-BW°'74) (15-BW°'74)
Vg Blood volume L 0.074-BW 0.074-BW
Veo Endogenous CO production rate  mL/minute (STPD) 0.007 0.000333-BW

®Based on Tikuisis et al. (1992)
®Based on Benignus and Annau (1994)

“Must be converted to mL/minute by multiplying 1,000/60

Must be converted to mL by multiplying by 1,000

BW = body weight; CO = carbon monoxide; COHb = carboxyhemoglobin; Hb = hemoglobin; STPD = standard
temperature and pressure, dry (i.e., adjusted for partial pressure of water vapor in saturated air [47 Torr STP])
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Figure 3-7. Plot of Standardized Sensitivity Coefficients for Carboxyhemoglobin
(COHDb) Levels Predicted from the Coburn-Forster-Kane (CFK) Model for a

100 ppm Exposure to an Individual Engaged in Vigorous Exercise
(Alveolar Ventilation Rate=30 L/Minute)*

Fractional Sensitivity
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*Each curve represents the time trend of sensitivity coefficients for a given parameter during the simulation. Time
trends for six model parameters are shown: D CO, lung carbon monoxide diffusion capacity; FiCO, fractional air
carbon monoxide concentration (ppm); M, Haldane coefficient; THb, blood hemoglobin concentration; Va, alveolar
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ventilation rate; and Vg, blood volume. Sensitivity coefficients and central coefficients are for 1% upward and

downward perturbation of each parameter. Coefficients >0 indicate an increase in predicted COHb in association

with an increase in the parameter value; coefficients that are <0 indicate that COHb decreased in association with an

increase in the parameter value.

Source: EPA (20099g) based on McCartney (1990)
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Risk assessment. The CFK model has been used in establishing the National Ambient Air Quality
Standard for carbon monoxide (EPA 2000) and has been used in analyses that have supported
development of Threshold Limit Values for occupational safety (Tikuisis et al. 1987b).

Target tissues. The CFK model predicts COHb levels in blood.

Species extrapolation. Although originally developed to simulate blood COHbD levels in humans,
the model can be used to predict COHb levels in other mammalian species if physiological and chemical-
specific parameter values are available for the species of interest. The latter include the Haldane
coefficient (M), the binding capacity of Hb, and the lung carbon monoxide diffusing capacity (D, CO).

Parameter values for the rat have been reported by Benignus and Annau (1994; Table 3-13).

Interroute extrapolation. The CFK model simulates inhalation exposures.

Smith et al. (1994) Multi-compartment Model

The nonlinear CFK model, described above, represents blood as a well-mixed compartment, an
acceptable assumption for simulating near equilibrium conditions. However, during uptake and
elimination phases of carbon monoxide kinetics, appreciable differences have been observed between
arterial and venous blood (Benignus et al. 1994). Improved prediction of arterial COHb levels was
achieved with an expansion of the CFK model to include slowly and rapidly perfused compartments and
an arm compartment (representing vascular sampling sites) that includes compartments representing the

major arterial and venous vasculature (Smith et al. 1994, Table 3-14; Figure 3-8).

Validation of the model. The Smith et al. (1994) models was evaluated with data collected from
15 healthy adults subjects who inhaled carbon monoxide under controlled conditions (Benignus et al.
1994). Each subject (15 adult males) inhaled for approximately 5 minutes from a bag that had an initial
carbon monoxide concentration of approximately 7,000 ppm. The exposures achieved end exposure
blood COHb concentrations ranging from 10 to 15%. The Smith et al. (1994) model provided improved

predictions of COHb levels in samples taken from radial artery and antecubital vein.

Risk assessment. Risk assessment applications of the Smith et al. (1994) were not identified in the

available literature.



CARBON MONOXIDE

3. HEALTH EFFECTS

163

Table 3-14. Parameter Values for the Smith et al. (1994) Model

Parameter  Definition Unit Value
Chemical parameters®
COHb, Blood COHb level at start of simulation mL CO/mL blood 0.00155
(STPD)
D.CO Lung CO diffusing capacity mL CO/minute-Torr 30
(STPD)
Hb Blood Hb concentration g/mL 0.144
M Haldane coefficient unitless 218
O,HbMAX  Maximum blood O,Hb concentration mL O,/mL blood 1.38
(STPD)
PcO, Average partial pressure of O, in alveolar  Torr (STPD) 49
air
P,CO Partial pressure of inhaled CO Torr (STPD) Input
Vco Endogenous CO production rate mL/minute (STPD)  0.007
Compartment volumes”
BW Body weight kg 70
Vg Blood volume L 0.074-BW
Vy Volumes of pulmonary capillaries and veins L 0.1-Vg
and % heart
V, Volume of rapidly perfused compartment L 0.11-Vg
Vs volume of slowly perfused compartment L 0.652-Vg
V4 Volume of major arteries in arms L 0.0069-Vg
Vs, Vs Volume of small vessels in arms L 0.0076-Vg
Vs, Volume of intermediate veins in arms L 0.0025-Vg
Vg Volume of large veins in arms L 0.0361-Vg
Vg Volume of % heart and pulmonary arteries L 0.085-Vg
Compartment flows®
Va Alveolar ventilation rate L/hour (15-BW°"
QC Cardiac output L/hour (15-BW°‘74)
Q12 Flow to rapidly perfused tissue L/hour 0.6-QC
Q13 Flow to slowly perfused tissue L/hour 0.35-QC
Qs Flow to arteries of arms L/hour 0.05-QC
Qus Flow to small vessels in arms L/hour 0.005-QC

®Based on Tikuisis et al. (1992)
®Must be converted to mL/minute by multiplying 1,000/60
“Must be converted to mL by multiplying by 1,000

BW = body weight; CO = carbon monoxide; COHb = carboxyhemoglobin; Hb = hemoglobin; STPD = standard
temperature and pressure, dry (i.e., adjusted for partial pressure of water vapor in saturated air [47 Torr STP])
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Figure 3-8. Structure of the Smith et al. (1994) Model*
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*Diffusive exchange carbon monoxide (CO) and oxygen (O;) occurs between lung alveolar space alveolar capillary
blood. Instantaneous equilibrium is assumed between gases and blood hemoglobin, governed by the Haldane
coefficient. Blood carboxyhemoglobin (COHDb) is apportioned to various blood subcompartments according to

subcompartment blood flows and volumes.
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Target tissues. The Smith et al. (1994) model predicts COHb levels in arterial and venous blood.

Species extrapolation. Although originally developed to simulate blood COHDb levels in humans,

the model could be used to predict COHb levels in other mammalian species provided that physiological

and chemical-specific parameter values are available for the species of interest.

Interroute extrapolation. The Smith et al. (1994) model simulates inhalation exposures.

Hill et al. (1977) Maternal-Fetal Model

Hill et al. (1977) developed a multi-compartment model for simulating maternal-fetal transfer of carbon
monoxide. This model includes simulations of maternal, placental, and fetal compartments, as well as

maternal and fetal contributions to endogenous production of carbon monoxide (Table 3-15; Figure 3-9).

The model assumes instantaneous equilibrium of O, and carbon monoxide with Hb in maternal, placental,

and fetal tissues, with delivery to placental and fetal tissues governed by blood flow rates.

Validation of the model. The Hill et al. (1977) model was evaluated with data collected in
experiments conducted in pregnant sheep (Longo 1977; Longo and Hill 1977). Pregnant sheep were
exposed to 30, 50, or 100 ppm carbon monoxide for 24 hours or to 300 ppm for 4 hours, and maternal and
fetal arterial blood was sampled from indwelling catheters for measurement of COHb levels. These
exposures achieved maternal blood COHb levels ranging from approximately 4 to 24% (300 ppm).
Steady-state blood COHb levels in the fetus, achieved during the exposures to 30-100 ppm, were
approximately 70% higher than maternal levels. The model predicted maternal and fetal arterial blood
COHD levels that agreed with observations (e.g., were within £1 SD of observations). The model predicts
slower accumulation and elimination of COHb in the human fetus compared to the maternal system, with
steady-state values in fetal blood that are approximately 10—12% higher in than maternal blood. The

latter prediction agrees with observations made in cord blood (Longo 1977).

Risk assessment. Risk assessment applications of the Hill et al. (1977) model were not identified in
the available literature. However, Hill et al. (1977) present and discuss predictions made with the model
regarding effects of various factors on maternal and fetal blood COHD levels, including air carbon

monoxide concentration, air O, concentration, altitude, exercise, fetal O, utilization, and fetal blood flow.
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Table 3-15. Parameter Values for the Hill et al. (1977) Model

Parameter Definition Unit Value
Chemical parameters

DuCO Lung membrane diffusing capacity mL CO/minute-Torr 50, 60

D.CO Lung CO diffusing capacity mL CO/minute-Torr 30, 28

DpCO Placental CO diffusing capacity mL CO/minute-Torr 1.5, 2.7

Hby, Maternal blood Hb concentration g/mL 0.125

Hbg Fetal blood Hb concentration g/mL 0.155

capwm Maternal blood O, capacity mL O,/mL 0.168

capr Fetal blood O, capacity mL O,/mL 0.208

M Haldane coefficient for maternal Hb unitless 223

Mg Haldane coefficient for fetal Hb unitless 181

Ps Atmospheric pressure Torr 760

Pron Partial pressure of water vapor (STP) Torr 47

(PO,/O,Hb).  Average ratio of partial pressure of O, to O,Hb Torr/% 1.029
concentration in lung capillaries (at P,CO=0)

(PO,/O,Hb)y  Average ratio of partial pressure of O, to O,Hb Torr/% 0.5609
concentration in maternal placental capillaries (at P,CO=0)

(PO,/O,Hb):  Average ratio of partial pressure of O, to O,Hb Torr/% 0.4128
concentration in fetal placental capillaries (at P,CO=0)

P,O, Partial pressure of O, in alveolar air Torr 108

P,CO, Partial pressure of CO, in alveolar air Torr 32

PO, Partial pressure of O, in mixed venous blood in Torr 38
pulmonary artery

P, CO, Partial pressure of CO, in mixed venous blood in Torr 38
pulmonary artery

PO, Partial pressure of O, in umbilical artery Torr 20

P:CO, Partial pressure of CO, in umbilical artery Torr 48

PuO- Partial pressure of O, in uterine artery Torr 95

PuCO, Partial pressure of CO, in uterine artery Torr 32

Psom Partial pressure of O, at half O, saturation in Torr 26.4
maternal blood

Pso.r Partial pressure of O, at half O, saturation in fetal  Torr 20.0
blood

pHwm pH of uterine artery blood M 7.40

pHe pH of umbilical artery blood M 7.34

pHwm pH of mixed venous blood M 7.37

P,CO Partial pressure of inhaled CO Torr Input

Vcom Maternal endogenous CO production rate mL/minute 0.0153

Veor Fetal endogenous CO production rate mL/minute 0.0006

VO, Total maternal O, consumption rate mL/minute 271

VO, Fetal O, consumption rate mL/minute 22
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Table 3-15. Parameter Values for the Hill et al. (1977) Model

Parameter Definition Unit Value
Compartment volumes
VOly Maternal blood volume mL 5,000
volg Fetal blood volume mL 400
Compartment flows
Va Alveolar ventilation rate mL/minute 6,000
Qwm Maternal placental blood flow mL/minute 350
Qr Fetal placental blood flow mL/minute 350
QL Lung blood flow mL/minute 5,600

CO = carbon monoxide; Hb = hemoglobin; STP = standard temperature and pressure
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Figure 3-9. Structure of the Hill et al. (1977) Maternal-Fetal Model*
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*Average blood carboxyhemoglobin (COHDb) levels in maternal and fetal tissues are calculated in the Body Gas

Equilibration Model, based on inputs of PO,/O;Hb from lung, maternal tissue, placental tissue, and fetal placental
capillary models.

P,CO = inhaled carbon monoxide partial pressure; Vcom = maternal endogenous carbon monoxide production;
Vcor = fetal endogenous carbon monoxide production; VO, = oxygen consumption
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Of particular relevance to risk assessment is the prediction of slower accumulation and elimination of
COHD in the human fetus compared to the maternal system. Based on model predictions, the elimination
half-times were approximately 4 hours for maternal and 7.5 hours for fetal. Furthermore, the model
predicted a more pronounced effect of breathing 100% O, on carbon monoxide elimination from the

maternal system (5-fold decrease in half-time) compared to the effect on fetal half-time (2-fold decrease).

Target tissues. The Hill et al. (1977) model predicts COHb levels in maternal and fetal blood.

Species extrapolation. The Hill et al. (1977) model has been applied to predicting maternal and
fetal blood COHb levels in humans and sheep (Hill et al. 1977; Longo 1977; Longo and Hill 1977).

Interroute extrapolation. The Hill et al. (1977) model simulates inhalation exposures.

Bruce et al. (2008) Blood-Muscle Model

Bruce et al. (Bruce and Bruce 2003; Bruce et al. 2008) developed a multi-compartment model that
simulates kinetics of carbon monoxide, blood COHb, and muscle COMb (Table 3-16; Figure 3-10). The

model includes compartments for blood, muscle, and other non-vascular tissues. In blood, carbon
monoxide exists as dissolved carbon monoxide in equilibrium with COHb. Binding of carbon monoxide
and O, to Hb is assumed to achieve instantaneous equilibrium of carbon monoxide with Hb, defined by
the Haldane equation, with adjustment for cooperative binding of carbon monoxide and O, to Hb and
myoglobin. Simulation of arterial and venous blood includes a time delay to account for the time required
to achieve mixing of arterial blood leaving the lung and mixed venous blood. The muscle compartment
consists of two subcompartments, between which dissolved carbon monoxide exchanges by diffusion.
Subcompartment 1 represents tissue that exchanges dissolved carbon monoxide with the arterial and
venous vasculature (representing arterial-venous shunting). Subcompartment 2 represents tissue that
exchanges with capillary blood. Dissolved carbon monoxide in muscle is in equilibrium with myoglobin,
with the equilibrium defined by the Haldane equation adjusted for cooperative binding of O,. Carbon

monoxide in the other tissue compartment is assumed to consist entirely of dissolved carbon monoxide.

Validation of the model. The Bruce et al. (2008) model was evaluated with data collected in
experiments various experiments conducted in volunteers (Benignus et al. 1994; Burge and Skinner 1995;
Peterson and Stewart 1975; Tikuisis et al. 1987a). The evaluations are reported in Bruce and Bruce

(2003, 2006) and Bruce et al. (2008). The model predicted observed arterial and venous blood COHb
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Table 3-16. Parameter Values for the Bruce et al. (2008) Model®

Parameter Definition Unit Value
Chemical parameters
D.CO Lung CO diffusion capacity mL CO/minute-Torr 30
DyCO Muscle CO diffusion capacity mL CO/minute-Torr 1.75
DO, Within tissue diffusion coefficient for O, mL/minute-Torr 0.00060
D:CO Within tissue diffusion coefficient for O, mL/minute-Torr 0.00045
Hb Blood Hb concentration g/mL 0.14
Hbg Fetal blood Hb concentration o/mL 0.155
Mup Haldane coefficient for Hb unitless 218
Mwmb Haldane coefficient for Mb unitless 36
n Hill equation exponent unitless variable®
O,Hbpax O, capacity of Hb mL O,/g Hb 1.381
Pg Barometric pressure Torr 760
P,O, Partial pressure of O, in arterial blood Torr 100
PuO, Partial pressure of O, in muscle Torr 20
PsoHb Partial pressure at 50% Hb saturation Torr variable®
PsoMb Partial pressure at 50% Mb saturation Torr 2.32
MRO; g Whole body O, consumption mL/minute/g 0.0032
MRO, Muscle O, consumption mL/minute/g 0.021-0.03
SO, Solubility of O, in plasma mL/Torr 3.14-10°
SCO Solubility of CO in plasma mL/Torr 2.35.10°
VO, Total body O, consumption mL/minute 225
VCO Endogenous CO production ml/minute 0.007
Volumes
Vu Volume of muscle L 29.1
VuiF Volume of muscle subcompartment 1 L 0.4-Vy
VuaF Volume of muscle subcompartment 1 L 0.6-Vy
Vor Volume of other tissue L 9.6
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Table 3-16. Parameter Values for the Bruce et al. (2008) Model®

Parameter Definition Unit Value
Flows
Qc Cardiac output mL/minute 5,800
Quf Blood flow fraction to muscles unitless 0.40
Qorf Blood flow fraction to other tissue unitless 0.25
Va Alveolar ventilation rate mL/minute 5,500

®Estimated from Hill equation:

(PO, /Py)"

O,Hb=0O,Hb, - ——2' 750
: 2T 1 (PO, /Py)"

Values for n ranged from approximately 2.34 at COHb=0% to 1.8 at COHb=100%. Values for PsoHb ranged from
25 at COHb=0% to 0 at COHb=100%

CO = carbon monoxide; COHb = carboxyhemoglobin; Hb = hemoglobin
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Figure 3-10. Structure of the Bruce et al. (2008) Model*
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capillaries and tissue capillary blood and tissues. Competitive cooperative binding of carbon monoxide and O, with

hemoglobin (Hb) occurs in blood and to myoglobin (Mb) in muscle. No binding is assumed in the other tissue

compartments. In muscle, diffusive exchange is assumed to occur between blood and both muscle
subcompartments, as well as between muscle compartments.

Sources: Adapted from Bruce and Bruce (2003); Bruce et al. (2008)
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differences and kinetics during and following single or multiple brief exposures to carbon monoxide
(Benignus et al. 1994). The model predicted continued uptake of carbon monoxide into muscle during the
first 300 minutes following cessation of exposure, with subsequent return of muscle carbon monoxide to
blood (Bruce and Bruce 2006). Blood-muscle carbon monoxide exchange, in combination with
elimination of carbon monoxide from blood to exhaled air, resulted in multi-phase blood elimination
kinetics, with the early faster phase dominated by transfer of carbon monoxide from blood to muscle, and
the later slower phase contributed by return of carbon monoxide from muscle to blood and elimination
from blood to exhaled air. The multi-phase kinetics predicted from the model agreed with post-exposure
elimination kinetics of carbon monoxide from blood observed in Benignus et al. (1994). The model also

predicted blood COHb kinetics observed in 1- and 5-minute exposures observed in Tikuisis et al. (1987a).

Model predictions match the CFK model when muscle diffusion is set to zero, and the model predicts
lower blood COHb levels than the CFK model when the muscle carbon monoxide diffusion is enabled.
This difference reflects the blood-muscle kinetics and storage of carbon monoxide in muscle myoglobin

that is not accounted for in the CFK model.

Risk assessment. Risk assessment applications of the Bruce et al. (2008) model were not identified
in the available literature. However, the model has been applied to predicting the outcome of breathing
100% O, on blood COHb and muscle COMbD kinetics (Bruce and Bruce 2006). The model predicted a
decrease in blood and muscle elimination half-times. Of particular relevance to risk assessment is the
prediction of continued uptake of carbon monoxide from blood to muscle that occurs for several hours
after cessation of exposure, which contributes to slowing the elimination kinetics of carbon monoxide

from the body.

Target tissues. The Bruce et al. (2008) model predicts blood COHb and muscle COMb levels and

can also be used to predict blood and muscle carbon monoxide burden.
Species extrapolation. The Bruce et al. (2008) model has been applied only to predicting blood
COHb and muscle COMbD levels in humans. The model could be applied to other mammalian species

providing that physiological and chemical-specific parameter values are available for species of interest.

Interroute extrapolation. The Bruce et al. (2008) model simulates inhalation exposures.
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3.5 MECHANISMS OF ACTION

3.5.1 Pharmacokinetic Mechanisms

Pharmacokinetic mechanisms of carbon monoxide action are related to its binding to heme proteins.
Kinetics and equilibria of binding to the major heme proteins that have the greatest influence on carbon

monoxide pharmacokinetics (Hb and myoglobin) are discussed in the Section 3.4, Toxicokinetics.

Absorption. Inhaled carbon monoxide is rapidly and extensively absorbed into blood (Benignus et al.
1994; Burge and Skinner 1995; Peterson and Stewart 1970, 1975; Tikuisis et al. 1987b). Inhaled carbon
monoxide is transported to lung alveoli as result of convective forces in the respiratory tract and diffusion.
At the alveolar gas-blood interface, carbon monoxide dissolves into pulmonary capillary plasma and,
from plasma, diffuses into erythrocytes and other tissues. Binding of carbon monoxide by erythrocyte Hb
(to form COHDb) contributes to maintaining relatively low concentrations of dissolved carbon monoxide in
erythrocyte cytosol and a partial pressure gradient to drive carbon monoxide transfer from alveolar air to
blood. Diffusion of carbon monoxide into erythrocytes and binding of carbon monoxide to Hb is
sufficiently rapid that near-equilibrium is achieved between carbon monoxide partial pressures in alveolar
air and alveolar end capillary (arterial) blood (Chakraborty et al. 2004). Continued uptake of carbon
monoxide results from systemic elimination processes that lower mixed venous blood carbon monoxide

concentrations returned to alveolar capillaries (Benignus et al. 1994).

Distribution. The distribution of absorbed carbon monoxide is determined, in large part, by its affinity
for binding to heme. Binding of carbon monoxide to intracellular heme proteins contributes to
maintaining gradients for carbon monoxide diffusion from plasma into erythrocytes and extravascular
tissues. The dominant heme proteins that influence carbon monoxide distribution are erythrocyte Hb and
muscle myoglobin. The distribution of carbon monoxide in the body is largely a reflection of the
distribution of Hb and myoglobin, with the largest carbon monoxide burden found in blood, heart,
skeletal muscle, and spleen (Vreman et al. 2005, 2006). Relatively large contributions of blood and
skeletal muscle to total body carbon monoxide content is consistent with the contributions that these
tissues make to total body Hb and muscle myoglobin (Bruce and Bruce 2003). In a typical adult, blood
contains approximately 12 mmoles of Hb, with a total binding capacity of approximately 48 mmole
carbon monoxide when completely saturated, and muscle contains approximately 8 mmoles of

myoglobin, with a total binding capacity of 8 mmole carbon monoxide when completely saturated.
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Metabolism. Metabolism of carbon monoxide consists of three major processes: (1) metabolic
production of carbon monoxide from endogenous and exogenous precursors; (2) binding of carbon

monoxide to heme proteins; and (3) oxidative metabolism of carbon monoxide to CO,.

Metabolic Production of Carbon Monoxide. Endogenous carbon monoxide is produced primarily from
the enzymatic degradation of heme by the enzyme HO. Carbon monoxide is produced in all tissues that
express HO; however, the major tissues contributing to carbon monoxide production are also major sites
of heme metabolism, including liver, spleen, and reticuloendothelial system (Berk et al. 1974). Three
isoforms of HO have been identified, of which HO-1 is inducible, whereas HO-2 and HO-3 are
constitutive. In general, factors that induce HO-1 increase carbon monoxide production, whereas
inhibition of HO activity or expression of HO decreases carbon monoxide production. Numerous stimuli
have been shown to up-regulate HO-1 expression (Wu and Wang 2005): (1) those related to heme
metabolism (e.g., heme and heme derivatives, endogenous carbon monoxide); (2) stimuli that produce or
are associated with physiological or oxidative stress such as hyperoxia, heat shock factors, oxidized
lipids, lipopolysaccharides, hydrogen peroxide, radiation (including ultraviolet light), endotoxin, heavy
metals and arsenite, and various cytokines (e.g., interleukins, TNF-a); (3) substances that are mediators of
vascular resistance (NO, angiotensin II); and (4) mitogens and other factors that regulate cell growth (e.g.,
growth factors, phorbol ester). Expression of the constitutive isoform, HO-2, is increased by estrogen,
glucocorticoids, stimuli that inhibit HO, and stimuli that down-regulate NO production (e.g., inhibition of
NO synthase). In human cells (e.g., grown in culture), expression of HO-1 is down-regulated during
hypoxia, heat shock factors, and interferon-y. The response to the above factors is not uniform across
species. For example, hypoxia and heat shock have been shown to induce HO in rodents, whereas the
dominant effect in human tissues is down-regulation (Nakayama et al. 2000; Shibahara et al. 2003; Wu

and Wang 2005).

Carbon monoxide can be produced from oxidative metabolism of certain exogenous hydrocarbons (e.g.,
DCM) by isoform CYP2E1 of cytochrome P450 (Andersen et al. 1991) and from heme oxidase catalysis
of products of auto-oxidation of phenols, photo-oxidation of organic compounds, and lipid peroxidation

of cell membrane lipids (Rodgers et al. 1994).

Carbon Monoxide Binding to Heme Proteins. Carbon monoxide competes for O, for binding to the iron
site in heme. Kinetic constants and equilibrium constants for the binding of O, and carbon monoxide to

Hb and myoglobin are provided in Table 3-12.
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Oxidative Metabolism of Carbon Monoxide. The mechanism of oxidative metabolism of carbon
monoxide to CO, is thought involve catalysis by cytrochrome ¢ oxidase (Fenn 1970; Young and Caughey

1986).

Excretion. Absorbed carbon monoxide is eliminated from the body by exhalation and oxidative
metabolism. Oxidative metabolism of carbon monoxide has been estimated to be a relatively small
fraction (<10%) of endogenous carbon monoxide production (Luomanmaki and Coburn 1969). Under
most conditions, the dominant route of elimination of absorbed carbon monoxide is exhalation. The
mechanism of elimination of carbon monoxide by exhalation is diffusion, with the driving forces at the
alveolar interface being the partial pressure difference between carbon monoxide in alveolar air and in
alveolar capillary blood. The latter is maintained at a relatively low level by binding of carbon monoxide
to Hb. Diffusion is also the mechanism of release of carbon monoxide from intracellular stores to blood,
with the driving forces influenced by binding of carbon monoxide to extravascular heme proteins (e.g.,

myoglobin) and blood Hb.

3.5.2 Mechanisms of Toxicity

Carbon monoxide exerts effects on cell metabolism through both hypoxic and non-hypoxic mechanisms.
Both types of effects are thought to be largely (if not entirely) the result of the ability of carbon monoxide
to bind to heme and alter function and/or metabolism of heme proteins. Carbon monoxide may also act

through mechanisms unrelated to heme binding, although evidence for this is currently more contentious.

Hypoxic Mechanisms. Carbon monoxide produces tissue hypoxia by binding to, and displacing O, from,
Hb. The formation of COHb decreases the O, carrying capacity of blood and impairs release of O, from
Hb for its utilization in tissues (see Section 3.4.3, Metabolism for further discussion of kinetics of binding
of carbon monoxide and O, to Hb). Through similar mechanisms, carbon monoxide decreases O, storage
in muscle cells by binding to, and displacing O, from, myoglobin. The principal mechanisms underlying
the hypoxic mechanism of carbon monoxide are: (1) higher affinity of carbon monoxide for Hb than O,
and (2) increased binding affinity for O, from COHb. The overall affinity of Hb for carbon monoxide is
approximately 230 times greater than that for O, (Chakraborty et al. 2004). As a result, at a partial
pressure of carbon monoxide that is approximately 230-fold lower than ambient O, concentration
(21%/230~=900 ppm), O, and carbon monoxide will bind to Hb in an equimolar ratio (i.e., COHb=~50%).
Binding of carbon monoxide and O, to the four heme moieties of Hb is cooperative (Alcantara et al.

2007; Perrella and Di Cera 1999; Roughton 1970). The associative reaction rate (ka) becomes faster with
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successive additions of carbon monoxide or O,, increasing the affinity (Ka) of Hb for O, and impairing
the release of O, from Hb for utilization in tissues. Overall, the affinity increase is 588-fold due to
cooperative events as more carbon monoxide binds to hemoglobin; however, this is not a monotonic
function with each ligation. Once the first hemoglobin chain binds a carbon monoxide molecule, the
affinity increases 16.5-fold when the second carbon monoxide molecule binds, 4.6-fold at the third

ligation step, and 7.7-fold in the fourth ligation step (Perrella and Di Cera 1999).

Although all tissues are vulnerable to carbon monoxide-induced hypoxic injury, those having the highest
O, demand are particularly vulnerable, including the brain and heart. Carbon monoxide-induced hypoxia
triggers compensatory cardiovascular responses that include increased cardiac output (heart rate and
stroke volume) and dilation of cardiac and cerebral vasculature. During exercise, cardiac work and O,
consumption increase and the vulnerability of the heart to carbon monoxide-induced hypoxic injury
increases. In patients who have underlying coronary artery or myocardial disease, the increased O,
demand of exercise, in combination with decreased O, carrying capacity of blood and impaired release of
O, from Hb, can produce cardiac toxicity (e.g., myocardial ischemia, exertional angina, arrhythmia) at
lower carbon monoxide exposure levels than experienced in healthy individuals (Adams et al. 1988;

Allred et al. 1989, 1991; Anderson et al. 1973; Kleinman et al. 1989, 1998; Leaf and Kleinman 1996b).

Brain hypoxia induced by carbon monoxide can result in various symptoms of impaired central nervous
system function, including headache, dizziness, drowsiness, weakness, nausea, vomiting, confusion,
disorientation, irritability, visual disturbances, convulsions, and coma (Dolan 1985; Ernst and Zibrak
1998). Delayed development of neuropsychiatric and neurological impairment may occur within 1—

4 weeks of exposure, with symptoms including inappropriate euphoria, impaired judgment, poor
concentration, memory loss, cognitive and personality changes, psychosis, and Parkinsonism (Choi 2002;
Ernst and Zibrak 1998; Kao and Naiagas 2006; Klawans et al. 1982; Raub and Benignus 2002; Raub et
al. 2000; Ringel and Klawans 1972; WHO 1999; Wolf et al. 2008).

Non-Hypoxic Mechanisms. Most of the non-hypoxic mechanisms of action of carbon monoxide have
been attributed to binding of carbon monoxide to heme in proteins other than Hb. A list of heme proteins
that have been shown to undergo functional modification in response to carbon monoxide is presented in
Table 3-17. Notable targets of carbon monoxide include components of several important physiological
regulatory systems, including brain and muscle O, storage and utilization (myoglobin, neuroglobin), nitric
oxide NO cell signaling pathway (e.g., nitric oxide synthase [NOS], guanylyl cyclase [GC]),

prostaglandin cell signaling pathway (cyclooxygenase, prostaglandin H synthase), energy metabolism and
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Table 3-17. Heme Proteins Modulated by Carbon Monoxide

Name of protein

Effects or carbon monoxide or
heme oxygenase up-regulation

Reference

Catalase
Cyclooxygenase

Cytochrome ¢
Cytochrome P450
Cytochrome c oxidase
Guanylyl cyclase
Hemoglobin
Neuroglobin
Myoglobin
Cytoglobin
NADPH oxidase
NO synthases
Peroxidases

Prostaglandin H synthase
Tryptophan dioxygenase

NPAS2

Inhibition
Inhibition
Activation
Binding
Inhibition
Inhibition
Activation
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Binding
Binding
Inhibition
Inhibition

Hu and Kincaid 1992

Alcaraz et al. 2003

Lee et al. 2001

Bhuyan and Kumar 2002

Estabrook et al. 1980

Wohlrab and Ogunmola 1971

Stone and Marletta 1994

Forster 1970

Burmester et al. 2000

Coburn and Mayers 1971

Geuens et al. 2003; Sawai et al. 2003
Taille et al. 2004

Thorup et al. 1999; Willis et al. 1995
Carlsson et al. 2005

Lou et al. 2000

Piantadosi 2002

Dioum et al. 2002

Source: Wu and Wang 2005
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mitochondrial respiration (cytochrome ¢ oxidase, cytochrome ¢, NADPH oxidase), steroid and drug
metabolism (cytochrome P450), cellular redox balance and ROS (catalase, peroxidases), and various
transcription factors (e.g., neuronal PAS domain protein, NPAS2, implicated in regulation of circadian

rhythm).

Endogenously produced carbon monoxide may participate in the physiological regulation of some, if not
all, of these systems. This has potentially important implications for the understanding of carbon
monoxide toxicology and dose-response relationships for the following reasons: (1) carbon monoxide
modulation of physiological processes may underlie some aspects of the toxicity of exogenous carbon
monoxide; (2) exogenous carbon monoxide may disrupt physiological regulation of those systems that are
responsive to endogenous carbon monoxide (e.g., vascular resistance); and (3) exposures to exogenous
carbon monoxide may affect carbon monoxide-mediated physiological responses at levels that approach
those resulting from endogenous production. Whole-body endogenous carbon monoxide production rate
has been estimated to be approximately 16.4 pmol/hour (0.007 mL/minute STPD; Coburn 1970a). Local
rates of production of carbon monoxide in tissues are influenced by many tissue-specific factors,
including those that regulate intracellular heme oxygenase activity (e.g., some areas of brain have
relatively high HO-2 activities). A similar whole-body rate of delivery of carbon monoxide to the
alveolar region of the lung would be achieved by inhaling air at a carbon monoxide concentration of
approximately 1-2 ppm (i.e., assuming that alveolar ventilation rate is approximately 4,000 mL/minute;
0.007 mL/minute/4,000 mL/minute=1.75-10-6 mL CO/mL air, STPD=1.75 ppm). Such levels are only
modestly above national average ambient air carbon monoxide concentrations in the United States
(approximately 0.5 ppm, see Chapter 6) and well within variability observed in measurements made with
personnel air monitors (Chang et al. 2000). One implication of this is that, if a dose threshold for effects
of exogenous carbon monoxide exists at all, it may lie near or below ambient air carbon monoxide
concentrations. Although currently available toxicology and epidemiological studies provide evidence for
increasing severity of adverse carbon monoxide effects in association with increasing levels of exposure,

these studies do not provide strong evidence supporting or refuting a dose threshold for adverse effects.

Of the many physiological systems that may contribute to non-hypoxic mechanisms of carbon monoxide
action, the following are thought to be particularly important and are the subject on ongoing intense

research interests: modulation of cell signaling pathways and generation of ROS.

Carbon Monoxide Modulation of Cell Signaling and lon Channel Activity. Cell signaling pathways

that are thought to be modulated by carbon monoxide are depicted in Figure 3-11. These pathways


http:STPD=1.75

180

CARBON MONOXIDE
3. HEALTH EFFECTS

Figure 3-11. Potential Signaling Pathways Modulated by Carbon Monoxide
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P450; ERK = extracellular signal regulated kinase; 20-HETE = 20-hydroxyeicostetraenoic acid; HSF = heat shock
factor; HSP = heat shock protein; IL = interleukin; JNK = a stress activate protein kinase; MAPK = mitogen activate

protein kinase; MIP = macrophage inflammatory protein; NANC = non-noradrenergic non-cholinergic; NOe = nitric
oxide radical; NOS = nitrogen oxide synthase; PDE = phosphodiesterase; PG = prostaglandins; PK = protein kinase;

sGC = soluble guanylate cyclase; TNF = tumor necrosis factor

Adapted from Ryter et al. 2006; Volti et al. 2008
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pregnancy in sheep (Longo and Hill 1977). Adaptation of these models to a wider range of species would
be facilitated by studies that provide estimates of model parameters in these species (e.g., Haldane

coefficient, binding coefficients of Hb and Mb, and the lung carbon monoxide diffusing capacity).

Methods for Reducing Toxic Effects. Efficacies of normobaric and hyperbaric oxygen therapy for
hastening the elimination of carbon monoxide from the body and for treating carbon monoxide-induced
hypoxia have been studied. Although hyperbaric oxygen therapy is considered to be a therapeutic option,
its efficacy, over normobaric therapy, remains controversial (Wolf et al. 2008). Further research
regarding benefits and limitations of hyperbaric oxygen therapy would improve the clinical management

of treatment of carbon monoxide poisoning.

Children’s Susceptibility. Data needs relating to both prenatal and childhood exposures, and
developmental effects expressed either prenatally or during childhood, are discussed in detail in the

Developmental Toxicity subsection above.

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:

Exposures of Children.

Mechanisms of Toxicity. Although hypoxic mechanisms of action of carbon monoxide are well
established (i.e., those related to formation of COHb), a better understanding is needed of non-hypoxic
mechanisms, their contribution to observed adverse health effects of carbon monoxide, and related dose-

response relationships.

3.12.3 Ongoing Studies

Ongoing studies pertinent to information of health effects and/or mechanisms of action of carbon

monoxide are listed in Table 3-18.
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